Although much is known about the regenerative capacity of retinal ganglion cells, very significant barriers remain in our ability to restore visual function following traumatic injury or disease-induced degeneration. Here we summarize our current understanding of the factors regulating axon guidance and target engagement in regenerating axons, and review the state of the field of neural regeneration, focusing on the visual system and highlighting studies using other model systems that can inform analysis of visual system regeneration. This overview is motivated by a Society for Neuroscience Satellite meeting, "Reconnecting Neurons in the Visual System," held in October 2015 sponsored by the National Eye Institute as part of their "Audacious Goals Initiative" and co-organized by Carol Mason (Columbia University) and Michael Crair (Yale University). The collective wisdom of the conference participants pointed to important gaps in our knowledge and barriers to progress in promoting the restoration of visual system function. This article is thus a summary of our existing understanding of visual system regeneration and provides a blueprint for future progress in the field.
Introduction
Following traumatic injury to the optic nerve, or as the result of blinding neurodegenerative conditions, such as glaucoma and optic neuropathies, retinal ganglion cells (RGCs) fail to regenerate their axons, resulting in permanent and irreversible blindness. Here, we will review the state of the field on RGC axon guidance and target engagement during development and regeneration, and on our current knowledge of regeneration mechanisms. We will further point out the challenges, and propose some opportunities for addressing gaps in our knowledge of mechanisms of regeneration, to implement regrowth and reconnection in the visual system. This review stems from a Satellite meeting held before the 2015 Society for Neuroscience, "Reconnecting Neurons in the Visual System" convened by the National Eye Institute as part of their Audacious Goals Initiative. The purpose of this meeting was to (1) review state-of-the art findings on RGC axon guidance and target engagement, and identify the range of approaches being used in the field; and (2) to provide a public forum to discuss ideas and approaches to reconnecting visual system neurons after injury or disease. Although most of the participants were basic scientists, there was particular interest in identifying translational/clinical approaches to regeneration and in encouraging interchange between basic and clinical scientists. Finally, we will summarize the panelists' predictions on how long it may take to obtain functional recovery in humans, as this may serve an important reference point for future work in the field.
State of the Field
Guiding axons to targets: state of the field in uninjured and regenerating RGCs Axon growth and guidance from retina to brain Growth from the retina through the optic chiasm: receptors and ligands for navigating the midline. Numerous molecular factors instigate growth of RGC axons away from the retinal periphery and to the optic disc where they exit the retina into the optic stalk during normal development. Factors that inhibit growth toward the periphery include receptor tyrosine phosphatases, such as CRYP-␣, proteins of the Ig superfamily, including L1 and N-CAM, proteoglycans, and Slit-Robo signaling, whereas netrin-1 and its DCC receptor, N-CAM and laminin promote exit into the optic stalk (Brittis and Silver, 1995; Höpker et al., 1999; Thompson et al., 2006) . Early postnatal RGCs injected intravitreally into adult retina readily extend axons to the optic disc, likely by using extant fibers as guides (Venugopalan et al., 2016) , and providing a good prospectus for cell transplantation.
Since the discovery of axon guidance molecules in the last two decades, much is now known about the factors that direct RGC axon decussation at the optic chiasm midline. EphB1, a receptor expressed exclusively by ventrotemporal RGCs, interacts with ephrin-B2 on radial glia at the chiasm midline, resulting in repulsion of these RGCs from the midline toward an ipsilateral trajectory (Williams et al., 2003) . In Xenopus, an EphB is expressed at metamorphosis when a small ipsilateral projection forms from ventral retina (Nakagawa et al., 2000) . Shh and its binding partner BOC, expressed only in ventrotemporal RGCs, have also been implicated in forming the ipsilateral projection (Sánchez-Camacho and Bovolenta, 2008; Fabre et al., 2010) .
The contralateral projection stems from RGCs positioned outside of the ventrotemporal crescent in the mouse, and from RGCs late in development from within the ventrotemporal crescent. The absence of a receptor for midline repulsion in these RGCs suggests that the contralateral pathway is a default pathway. Indeed, most phenotypes of mice lacking putative guidance factors maintain a contralateral projection, even if the ipsilateral projection is increased or misrouting occurs . Mechanisms for crossing the midline have been recently revealed: The noncanonical guidance factor VEGF acts via a neuropilin receptor to attract contralateral axons to the midline (Erskine et al., 2011) . In addition, the inhibitory semaphorins have emerged as ligands at the midline that interact with their neuropilin and plexin receptors on contralaterally projecting RGCs in zebrafish and mouse: repulsion of the otherwise inhibitory semaphorins is overcome through interactions with Nr-CAM, as well as with cAMP, to effect midline crossing (Williams et al., 2006; Kuwajima et al., 2012; Dell et al., 2013) . These studies presaged a new theme in axon guidance in which formerly distinct guidance receptors and their ligands act not only in parallel, but in combination and synergistically. Thus, in the spinal cord midline, Robo3 is a multifunctional regulator of pathfinding, mediating repulsion by the newly identified guidance cue NELL2, inhibiting Slit repulsion, and facilitating Netrin attraction (Jaworski et al., 2015) . Similarly, growing motor neuron axons integrate both attractive and repulsive Netrin-1 signals together with repulsive ephrin signals (Poliak et al., 2016) .
Axon organization in tracts beyond the chiasm. Axon order in central nervous system (CNS) tracts has been newly revisited on an anatomical and molecular basis, with the implication that pretarget organization is necessary for proper innervation into target laminae or subzones (e.g., Imai et al., 2009; Zhou et al., 2013) . In the optic tract, RGC axons are organized chronotopically, retinotopically, by laterality of projection (ipsilateral vs contralateral), and by functional type (Torrealba et al., 1982; Guillery and Walsh, 1987; Chan and Guillery, 1994; Plas et al., 2005) . In mouse, ipsilateral axons from ventrotemporal retina are cordoned off to dorsolateral tract, but are not fully in register with retinotopic divisions (Godement et al., 1984; Sitko and Mason, unpublished observations) . Axons might sort by fasciculation or bundling of axons, one of the oldest axon guidance mechanisms in which grown cones track along other axons, as has been shown for regrowing axons (Lorenzana et al., 2015) . Whether fasciculation of like axons is necessary for proper axonal growth and targeting, the identity of molecules on axonal surfaces mediating fasciculation of different cohorts, and to what extent regenerating axons would need to adhere to these organizational principles for successful targeting are at present unclear. New approaches, including calcium imaging and computational methods, such as "unsupervised clustering," indicate extensive functional diversity among RGCs (Baden et al., 2016) . Single neuron gene expression techniques, such as DropSeq, promise to identify genes specific to each functional/morphological class (Macosko et al., 2015; Rousso et al., 2016) .
A multitude of RGCs
RGCs can also be distinguished by expression of distinct transcription factors, for example, those that are upstream of differentiation and specific axon guidance programs determining laterality of projection. For instance, Zic2 regulates the expression of axon guidance receptors and other factors specific to RGCs with ipsilateral projections (Herrera et al., 2003; García-Frigola and Herrera, 2010; Sánchez-Arrones et al., 2013) . Brn3a and Islet2, the latter only in 30% of RGCs, are considered markers of contralateral RGCs (Pak et al., 2004; Shi et al., 2013) .
Different RGC subtypes have different times of generation and target innervations. As in other systems (e.g., Lodato and Arlotta, 2015) , subsets of RGCs express distinct transcription factors and adhesion molecules that correlate with functional and anatomical subtype (Osterhout et al., 2011) . RGCs that project ipsilaterally and contralaterally have distinct periods of neurogenesis (Dräger, 1985) . Moreover, the timing of neurogenesis is closely linked to cell subtype and the targets they innervate (Osterhout et al., 2014) .
These classic and newly emerging experimental techniques have led to the characterization of different classes of RGCs and can potentially be used to compare the regenerative capacity, targeting, and synaptogenesis phenotypes of RGCs across subtypes and species. This may provide fundamental insights into the rules and mechanisms modulating functional regeneration in the mammalian visual system. Some RGC subtypes regenerate better than others. An exciting offshoot of the analyses described above is the demonstration that certain RGC subtypes appear to regenerate better than others (Duan et al., 2015) . Alpha RGCs intrinsically have high mammalian target of rapamycin (mTOR) levels and also selectively express osteopontin and receptors for the insulin-like growth factor 1. Among surviving RGCs after optic nerve crush, ␣RGCs account for nearly all RGC regeneration.
Generation of RGCs in vitro
is not yet readily accomplished. Although much is known about how RGCs differentiate in vivo (Balasubramanian et al., 2014; Kuwajima and Mason, unpublished observations; J Goldberg, unpublished observations) , the molecular factors for directing precursor/stem cells into RGCs in vitro, and the order in which they must be expressed, have not yet been defined. Greater success has come from directing retinal "organoids" (retina-in-a-dish), derived from embryonic stem (ES) or induced pluripotent stem cells (iPSCs). This may be because multiple cell types and the retinal pigment epithelium, which contains many growth factors, are present in the organoids (Reichman et al., 2014) .
Taking subtype specificity into consideration, characterizing the genes expressed in their native setting in development and maturity, as well as identifying the directives for differentiating stem cells into RGCs, will be important in attempts to reprogram stem cells to regrow for eventual transplantation into injured retina.
Glia: help or hinder?
Research on glia in regeneration has languished somewhat in recent years but has been most intensively studied in the spinal cord and should be revisited in the visual system. It has long been assumed that after injury, glia of all classes infiltrate and form the boundaries of scars, inhibiting axon regeneration (Gallo and De-neen, 2014) . Less is known about glia in the optic tracts and how they respond to injury (Silver et al., 2015) .
Immature glia are important for guiding axons during development. Immature midline glia in the optic chiasm and spinal cord express attractive (and repulsive) molecules essential for midline guidance (Mason and Sretavan, 1997; Lindwall et al., 2007) . Ependymo-radial glial cells implement regeneration in the spinal cords of mature lower vertebrates (e.g., salamanders and fish) and may offer insights for understanding what can be done to resuscitate mature glia in the adult mammalian nervous system (Becker and Becker, 2015) .
Are immature oligodendrocytes also growth-supporting? A new class of oligodendrocyte precursor cells, the NG2-expressing polydendrocytes, appear to give rise to oligodendrocytes. They are quite common in developing and mature brain and they give rise to oligodendrocytes and astrocytes. They proliferate at sites of injury, but their role in regeneration is just emerging (Hughes et al., 2013; Nishiyama et al., 2014) .
Mature glia in the CNS. Whereas Schwann cells aid regrowth in the periphery in combination with endothelial cells and with fibroblasts Cattin et al., 2015) , mature astrocytes, as components of injury-induced scars, are thought to inhibit axon regeneration (Sofroniew, 2015) . The cytokines CNTF/LIF enhance axon growth, but suppressor of cytokine signaling 3 (SOCS3) blocks cytokine signaling, especially in CNS astrocytes. If CNTF is expressed and SOCS3 knocked down, cAMP increases and RGC regeneration is enhanced (Smith et al., 2009) . Recent evidence paints a more nuanced picture of the inhibitory effect of astroglia in scars on axon regeneration (Anderson et al., 2016) . Astrocyte-scar formation can actually promote axon regeneration: the scar contains factors supportive of axon growth and addition of exogenous growth factors functions best when the scar remains at the site of injury. Other cell types in scars, such as pericytes and fibroblasts, although frankly inhibitory, are needed to seal injured tissue (Göritz et al., 2011) . This work highlights the need for a more thorough understanding of the role of injury-induced scar formation and participating cell types in inhibiting, and promoting, axon regeneration.
Oligodendroglia have long been known to inhibit axon growth and regrowth after injury to the CNS. Neuronal receptors, such as NogoR, p75, and the paired immunoglobulin-like receptor B (PirB) interact with the myelin proteins Nogo, MAG, and oligodendrocyte-myelin glycoprotein and inhibit growth. Early attempts to instigate regeneration after spinal cord injury by blocking this interaction with antibodies against Nogo and genetically removing one or more of these receptors have met with mixed results. Currently, Nogo-A and its receptor NgR1 are regarded as negative regulators of neuronal growth, stabilizing CNS wiring at the expense of plasticity in later life and regeneration after injury (Schwab and Strittmatter, 2014) . Bei et al. (2016) reported on another crucial aspect of oligodendroglia in regeneration: The inability of regenerating RGCs to produce behavioral recovery is in part the result of action potential "failure" in RGCs that have regenerated but lack myelin.
A variety of microglial cells in different stages, such as macrophages and microglia (resting and active), are present in the developing and mature brains (Bennett et al., 2016) . Whether microglia function in axon growth and guidance during normal development is not clear, but they are key to synaptic pruning, as studied extensively in the dorsal Lateral Geniculate Nucleus (dLGN) during normal development (Hong et al., 2016) . Macrophages were reported to implement axon growth following optic nerve crush by producing oncomodulin that in turn increases MAPK and JAK-STAT pathways in neurons. This scenario has been amended by findings that invasion of neutrophils, which also secrete oncomodulin, precedes macrophage accumulation in the retina after optic nerve injury . The beneficial effects of macrophages were shown by expressing the chemokine CCL2 in uninjured dorsal root ganglion (DRG), which leads to an accumulation of macrophages and a conditioning-like response in neurite outgrowth (Niemi et al., 2016) .
It will be important to learn more about the molecules expressed by glial cells and their receptors on neurons and develop avenues for manipulating them. This is particularly highlighted by studies on PirB, which is not only implicated in mediating growth inhibition by myelin but, like the NogoR, dampens synaptic plasticity in the visual cortex in adulthood (Atwal et al., 2008; Bochner et al., 2014) .
The cell biology of regenerating axons: intracellular triggers, cytoskeletal factors, retrograde signaling Transcription factors regulating growth in developing and mature settings. Great advances have been made in the dissection of intracellular signaling pathways that stimulate axonal regeneration, particularly in the identification of transcription factors and intracellular signaling pathways that can stimulate axonal extension after injury to the optic nerve or tract. This was recently reviewed for the retinal axon pathway and for neurons in general, in a variety of model systems . Adult CNS neurons lack factors that implement growth in developing axons. GAP-43, a signaling protein that functions in developing axons, is in low supply in adult neurons. Axotomy leads to its upregulation in lower vertebrates but not in rodents (Kalil and Skene, 1986) . A recent report identifies MASH1/Ascl1 as upstream of GAP-43 in zebrafish and in RGCs. After spinal cord injury, the combination of a Schwann cell bridge and viral delivery of Mash1 to enhance GAP-43 expression facilitates regeneration .
In the adult nervous system, mTOR regulates protein synthesis but is blocked by phosphatase/tensin homolog (PTEN). For ␣ RGCs, downregulating PTEN can aid regeneration, which is further boosted by administration of osteopontin plus insulin-like growth factor 1 (Duan et al., 2015) . The KLF transcription factors (Kruppel-like factors) KLF-4 and -9 suppress regrowth. In contrast, KLF-6 and -7 increase neurite outgrowth but are developmentally regulated (Moore et al., 2009 ). Thus, blocking PTEN or KLF4 has been a ready route to enhance optic nerve regeneration. New work demonstrates that the KLF16 regulates EphA5 expression in a methylation-sensitive manner and demonstrates the need to probe the molecular underpinnings of these and other growth-regulating transcription factors.
Combinations of treatments focusing on both neurons and glia, and intracellular signals. Treatments that target combinations of cells in the region of injury, their cytoskeleton, and signaling pathways appear promising . Stimulation of macrophages, either by lens damage or intravitreal treatment with zymosan, induces macrophages and other immune cells to secrete oncomodulin, thereby activating signaling and enhancing RGC axonal growth. Blocking PTEN in this model further enhances growth (Yin et al., 2003) . A recent report indicates that zymosan increases accumulation of myeloid cells intravitreally. The dectin receptor is expressed on microglia and dendritic cells, but not RGCs, and intraocular injection of dectin increases regeneration similar to zymosan treatment. The Dectin-1 ligand is curdlan (␤(1,3)-glucan), necessary for downstream signaling and ultimately the growth-promoting effects of dectin (Baldwin et al., 2015) . This route to optic nerve regrowth via immune system cells is promising, even though the mechanisms of RGC axon growth stimulation are not entirely understood.
An individual treatment can have opposite effects on different cells types: administration of a microtubule-stabilizing drug (epothilone B) stimulates axon growth and impedes scar formation by blocking fibroblast process formation and migration into the scar and simultaneously enhancing microtubule stabilization in growth cones .
In other recent work, doublecortin-like kinases (DLKs), in the MAP kinase signaling pathway, promote growth cone reformation after injury and neuronal survival . Activation of the DLK pathway by targeting the cytoskeleton induces a proregenerative state, enhancing axon regeneration in response to a subsequent injury in a process akin to preconditioning (Valakh et al., 2015) . Further insight into axon regeneration has been made through the identification of signaling pathways in axon degeneration involving MAP kinases and Sterile ␣ and TIR motif-containing 1 (SARM1) proteins; these pathways can be offset by increasing the NAD ϩ synthetic enzyme NMNAT2 (Gerdts et al., 2015) .
An important pathway for successful regrowth is signaling from the injury site back to the cell body (Rishal and Fainzilber, 2014) . Local translation in the cut axon of importins and other proteins in association with dynein collaborate to retrogradely signal injury to the cell soma. This complex transports cargoes (including STAT3 and other transcription factors) that bind to both classical and nonclassical nuclear localization signalbinding sites on importins. Such signaling results in factors for regeneration to then travel anterogradely.
Just as some RGC subtypes are better at regenerating than others, DRG axons from the CAST/Ei mouse strain are much better at growing on myelin than DRGs from several other strains tested. This difference enabled the Activin transcript Inhba to be identified in a screen as being most correlated with this ability .
Studies revealing the basic cell biology of uninjured growth cones (Wada et al., 2016) and injured, regenerating growth cones have revealed how growth cones use cytoskeletal elements and calcium to turn, and to reform and grow after injury, respectively. Much of this work has been done in vitro. Studies using live imaging of growth cones during regeneration, as done in the spinal cord (Lorenzana et al., 2015) and in Caenorhabditis elegans (Kurup et al., 2015) but applied to the visual system, may reveal whether growth cones use different signaling systems to regrow compared to when they make their first foray into the terrain of the developing brain.
Target engagement and synaptogenesis

Getting axons to targets
The diversity and specificity of RGC targeting and the mechanisms regulating target engagement during development are only now being elucidated. Different classes (subtypes) of RGCs project to different brain targets; not all RGCs are created equal! (Baier, 2013; Dhande and Huberman, 2014) . Regeneration of certain classes of RGCs may lead to reinervation of distinct targets, which could be a problem or an opportunity. For example, in the service of circadian function, a specific class of intrinsically photosensitive RGCs (so-called M1 type of ipRGCs) preferentially innervates the suprachiasmatic nucleus, but not the dLGN or superior colliculus (SC) LeGates et al., 2014) . In another remarkable example, each of three classes of direction-selective RGCs (which selectively respond to stimuli along different directional axes corresponding to the semicircular canals) project to specific nuclei in the accessory optic system (MTN, DTN, NOT) (Osterhout et al., 2015; to control eye movements that stabilize images on the retina.
Getting RGC axons to their brain targets seems to be the most difficult step in reconnecting the visual system. A large body of literature describes how growth cones grow within target regions to focus on the correct retinotopic position. The chemoaffinity process of Sperry and by Bonhoeffer posits that there are fixed affinities between axon growth cones and targets, based on gradients of target-derived molecules, and now known to be modified by neural activity (Luo and Flanagan, 2007) . New analyses, both experimental and theoretical, argue for fiber-fiber affinities, along with adaptation mechanisms, rather than strictly gradientsensing for retinotectal map formation (Suetterlin and Drescher, 2014; Weth et al., 2014) , making for an even more stringent goal for regenerating axons.
Much is known about the regulation of RGC synaptogenesis in the thalamus (Hong and Chen, 2011; Hong et al., 2014; Dilger et al., 2015) and SC (Shah and Crair, 2008; Furman et al., 2013) , where broadly speaking hyperinnervation and synapse elimination serve to refine connectivity to generate mature functional circuits. Specific steps in development likely require not only cell type and laminar specificity in the dLGN and SC, but also subcellular specificity (e.g., proximal not distal dendrites) (Wilson et al., 1984) . As for most regions of the nervous system, the molecules implementing targeting of specific layers are not well understood, but the best documented is for the optic tectum in zebrafish (Baier, 2013; Robles et al., 2014) .
RGC synaptogenesis during development is activity-dependent, such that the presence, absence, or pattern of spontaneous activity and visual experience shapes synapse formation. It is at present unclear how activity will affect regenerating and reconnecting RGC axons in the dLGN/SC. Interestingly, the organization of afferents and synapses of direction-sensitive RGCs in the developing zebrafish optic tectum into layers or laminae is not required for tuning of tectal cells, as tectal dendrites undergo structural plasticity to compensate for the mistargeting. However, functional responses are greatly delayed, suggesting that proper lamination of the target to receive RGC inputs is ultimately necessary for rapid circuit assembly and the generation of proper responses to stimuli (Nikolaou and Meyer, 2015) . Synaptic machinery is present during regeneration but can inhibit regrowth Tedeschi et al., 2016) . Likewise, activity appears to impede regeneration of peripheral nervous system (PNS) neurons, with the cessation of electrical activity after peripheral lesion contributing to the regenerative response observed upon conditioning (Enes et al., 2010) . Very recently, neural activity was shown to powerfully, and positively, modulate the anatomical and functional regeneration of RGCs following experimentally induced optic nerve trauma . Thus, compared with initial development, it remains much less certain how and to what extent RGC activity contributes to axon regeneration and functional reintegration.
That regenerating axons can reform synaptic connections in their targets has been known for decades, from the remarkable experiments of Albert Aguayo in the 1980 -1990s, in which lengths of peripheral nerve were ligated onto the transected optic nerve, drawn over the pia (skull), and inserted into the SC. Functional recovery was seen in RGC axons that grew into the graft. More recently, synapse formation of transected RGC axons with-out the aid of nerve grafts was also achieved, but these axons were cut quite close to the SC (Bei et al., 2016) .
Visual system plasticity Maximizing plasticity in the adult visual system as a therapeutic approach to functional recovery following RGC disease or trauma is conceptually appealing on two fronts. First, even if substantial RGC axon regeneration and functional reintegration to the brain are not achieved, facilitating plasticity of the visual system to make maximal use of remaining (nonregenerated) RGC connections could offer significant therapeutic potential. Second, even when RGC regeneration and functional reintegration to the brain are achieved, activity and experience-dependent plasticity of visual circuits in response to reinnervation will likely play an important, if not critical, role in achieving maximum behavioral recovery of visual function. The intrinsic mechanisms regulating plasticity in the visual cortex are becoming progressively better understood, and several excellent recent reviews exist on the subject (e.g., Espinosa and Stryker, 2012; Takesian and Hensch, 2013) . Visual cortex plasticity in response to the effects of monocular deprivation, a classic model of visual system plasticity, is mediated by a decrease in closed eye response followed by an increase in open eye response driven through synaptic changes in specific neural circuit elements (Espinosa and Stryker, 2012) .
A fundamental framework for examining visual system plasticity is the concept of developmental windows or "critical periods" for adaptive plasticity in response to changes in visual experience. Opening of the critical period for ocular dominance plasticity is governed by the emergence of intracortical inhibition (Fagiolini and Hensch, 2000; Takesian and Hensch, 2013) and is genetically regulated (Kobayashi et al., 2015) . It is ever more apparent that critical periods are not a strict process, and substantial cortical plasticity lingers even in adult humans (Kalia et al., 2014) , although the degree to which adults are susceptible to the effects of experience dependent manipulations is clearly reduced relative to juveniles, and the mechanisms mediating aged forms of plasticity are only partially overlapping with juvenile plasticity (Espinosa and Stryker, 2012; Nahmani and Turrigiano, 2014) . Mechanisms responsible for critical period closure are not as well understood. Models to manipulate the developmental plasticity window to restore vision in the adult are being actively investigated, and some progress has been made in this regard (Espinosa and Stryker, 2012) . For instance, transplantation of embryonic inhibitory interneurons to the adult visual cortex restores ocular dominance plasticity in mice (Southwell et al., 2010; Tang et al., 2014; .
A number of other strategies have been proposed to extend or reopen the critical period for cortical plasticity, including modulation of proteins typically associated with the immune system but increasingly implicated in nervous system plasticity (Bochner et al., 2014) , suppressing inhibitors of regeneration associated with myelin (NogoRs) (McGee et al., 2005) , trophic factors (Berardi and Maffei, 1999) , and breakdown of the extracellular matrix to promote plasticity (Pizzorusso et al., 2002) . Targeted manipulations of cortical inhibition, along with manipulations that promote homeostatic rescaling and synaptic plasticity, may prove particularly effective at reintroducing conditions that promote adult cortical plasticity in the context of peripheral injury and RGC regeneration.
Subcortical visual areas may also be targets of regenerative plasticity, but plasticity in these visual areas, such as the dLGN and SC, is less well understood than for the cortex. Classically, the LGN and the SC, like the retina, were thought not to be sensitive to developmental visual experience; however, that view has changed somewhat over recent years (Hooks and Chen, 2007) . In the SC, maintenance of normal visual receptive field properties appears to depend on visual experience, but it is not clear whether the degradative plasticity associated with visual deprivation persists in the adult (Balmer and Pallas, 2015) . Also, in the dLGN, there appears to be a period of susceptibility to the effects of visual deprivation that is similar to that in V1, but whether the plasticity is absent in the adult, or what the mechanisms are that mediate this plasticity, are very incompletely understood (Jaubert-Miazza et al., 2005; Hooks and . Future hopes of functional integration of regenerating RGC axons into visual targets, like the dLGN and SC, would seem contingent on a better understanding of the normal development of these connections and their receptiveness to innervation by regenerating RGCs.
Encouraging evidence that functional connections can form after retinal axon terminal degeneration comes from a recent report that after SOCS3 and PTEN deletion, demonstrable RGC axon regeneration, retinocollicular synapse formation, and some functional recovery were achieved if axons were cut distally very near to their targets in the SC (Bei et al., 2016) . Although these distal injuries are not very clinically relevant, they demonstrate that at least some synapses will form if RGC axons can be persuaded to regrow into their normal brain targets.
Model systems for comparison with mammalian visual system regeneration
Fundamental insights about mechanisms limiting or promoting RGC regeneration and reconnecting to the brain may be inspired by examining similarities and differences with other model systems, mammalian (spinal cord regeneration), lower vertebrates (RGC regeneration in fish, frogs) and worms.
Spinal cord injury
There is a long and rich history of research in the field of spinal cord regeneration, a problem that shares many common features with RGC regeneration, as it is a CNS pathway and a relatively common site of traumatic injury (Schwab and Bartholdi, 1996; . Intracellular signaling pathways that promote spinal cord regeneration often overlap with those in RGCs (e.g., PTEN/mTOR; SOCS3/Jak-Stat) KLF (Moore et al., 2009; Blackmore et al., 2012) . Thus, large-scale screens for factors that promote spinal cord regeneration are likely also to be informative for RGC regeneration. Similarly, exogenous factors that inhibit spinal cord regeneration such as Nogo receptor ligands (Schwab and Strittmatter, 2014) , may play a similar role inhibiting RGC regeneration but have only had limited investigation in the visual pathways.
The field of spinal cord regeneration benefits from a standardized and easily quantitated scale to assess the recovery of motor function in rodents, the Basso, Beattie and Bresnahan scale for rats (Basso et al., 1995) and a similar measure for mice (Basso et al., 2006) . Although in some ways incomplete and imperfect, leading to a number of articles encouraging investigators to exercise caution (Steward et al., 2003; Tuszynski and Steward, 2012) , standardized scales do allow for much easier comparisons of treatment efficacy across animals and studies. RegenBase, a publicly available knowledge base that uses "consistent identifier schemes and data representations that enable automated linking among RegenBase statements and also to other biological databases and electronic resources" (Callahan et al., 2016) , also encourages investigators to adopt standardized experimental and analytic strategies to examine spinal cord injury. Standardized experimental outcome measures for visual functional recovery, in combination with careful electrophysiological and anatomic analysis of RGC axon regeneration and synapse formation, could prove to be a catalyst to studies of regeneration in the visual system.
Recovery from spinal cord lesions is closely linked to rehabilitation training, either through direct electrical stimulation (Hamid and Hayek, 2008) or physical therapy. Visual training also appears to enhance functional optic nerve regeneration in the lizard (Beazley et al., 2003) . This has been little studied in the mammalian visual system, but the available evidence suggests that training facilitates recovery following visual deprivation Kaneko and Stryker, 2014) , which further suggests that appropriate visual training paradigms in combination with genetic or pharmacological strategies may maximize vision recovery when RGC axon regeneration is achieved.
PNS
There are also important lessons to be learned from studies of PNS regeneration. In an excellent use of gene profiling, bioinformatics, and systems biology, alterations in genes during CNS regeneration versus PNS regeneration were analyzed (Chandran et al., 2016) . From the information gleaned, a drug was identified that enhanced optic nerve regeneration.
The retina and retinotectal system in lower vertebrates is fully regenerative even in the adult. Why is the mammal different, and what can be learned from this comparison (Ruthazer and Cline, 2004; Araki, 2014) ? Complete recovery is possible in the retinotectal systems of fish and frogs. This demonstrates that, if RGCs are in an environment that is permissive for regrowth, they can regrow and a fully functional circuit can reform. Regeneration is not accurate initially, but over time, mistargeted axons are selectively retracted (Fraser and O'Rourke, 1990) . Chemoaffinity cues (e.g., Eph/ephrins) may be preserved, and in some cases upregulated following denervation Rodger et al., 2004 ), a process that should be better understood in mammals (Rodger et al., 2001; Symonds et al., 2007) . However, newly discovered limitations on regeneration in amphibians after mechanical injury to the pallium include a failure to reestablish longdistance axonal tracts and circuit physiology, even though newborn neurons can position themselves within altered tissue architecture (Amamoto et al., 2016) .
Lessons can be learned from work on fish and frogs on intracellular signaling and transcriptional control of growth in RGCs. The same "brakes" on growth (e.g., SOCS3) are operative, but they are overcome by regeneration-promoting molecules such as cytokines (Elsaeidi et al., 2014) . In addition, the transcription factors KLF6 and KLF7, which enhance optic nerve regeneration in mammals, were indeed first identified in fish (Veldman et al., 2007) . Moreover, during regeneration, activity may play a more important role than during development (Ruthazer and Aizenman, 2010) , as has been recently shown in mammals . Thus, the ability of RGCs to regenerate in lower vertebrates should be used as a resource to identify growth-supporting and inhibitory factors that operate in mammals, and to stimulate an optimal balance of the two kinds of factors.
Other model systems (e.g., C. elegans, Drosophila, zebrafish) offer the potential to dramatically expand potential genetic targets for increasing the regenerative capacity of RGCs in the mammal. In zebrafish, for example, the glycosyltransferase lh3 (Isaacman-Beck et al., 2015) was identified to implement targetselective regeneration in the periphery by interacting with collagen to destabilize mistargeted axons.
In C. elegans models of regeneration (Hammarlund and Jin, 2014; Nix et al., 2014) , single neurons can be imaged, transected, and screened after injury with greater ease than in vertebrates. Principles gleaned include that multiple genes influence growth, and as in higher animals, that specific neurons have different regenerative capacity. Importantly, the DLK-1 MAP kinase pathway and other MAP kinase pathways, as well as the CELF family RNA binding protein UNC-75 involved in synaptic protein splicing , are conserved. Thus, such studies form a node from which many genes involved in injury signals, membrane dynamics, growth, and synaptogenic factors have been identified, serving as another important resource for examining vertebrate regeneration. C. elegans lacks glia, so gene pathways regulating regeneration are acting in neurons, which simplifies the interpretation of experiments in this model system, but obviously the role of glia-derived factors in promoting or inhibiting regeneration cannot be assayed.
The Future
Biological and conceptual barriers to progress
There are a number of barriers preventing the functional regeneration of RGC connections to the brain (Fig. 1) . Overarching challenges that to date have few answers, but are crucial for implementing regeneration of RGCs, include the following:
To what extent does regeneration recapitulate development? How can researchers relate developmental aspects of axon guidance and targeting to regrowth of axons in the mature brain?
Many investigators use development as a model system for regeneration, but the adult axon and milieu are very different from the circumstances in development. Which developmental mechanisms can operate in the adult state after injury? Even in developing systems, neurotrophins can act differently on RGC dendrites than on axons in the target (Lom and Cohen-Cory, 1999), and guidance factors, such as netrin, act differently depending on the stage of development (Shirkey et al., 2012) . Moreover, upregulation of Eph receptors in the retina and ephrins ligands in the SC after optic nerve injury in the adult is accompanied by upregulation of ephrins in astroglia, offsetting the beneficial recapitulation of developmental expression in RGCs and their target (Symonds et al., 2007) . So considerable uncertainty remains about the relevance of studies of RGC axon development to regeneration. On the one hand, attempting to recapitulate development during regeneration may be a reasonable therapeutic strategy, on the other, we only have a superficial understanding about the similarities and differences between conditions present during development and regeneration in the adult.
The optic chiasm seems to be a blockade to successful axon growth to targets. As discussed by Diekmann et al. (2013) , this conclusion is controversial. The Benowitz group (de Lima et al., 2012) injected CNTF intravitreally, combined with conditional PTEN and SOCS3 deletion in RGCs or zymosan-induced inflammatory stimulation, together with cAMP analog injection, and observed more axonal advance into the optic chiasm after optic nerve crush than in most studies up to that time. When this experiment was repeated and the brains cleared, growth was indeed observed into the optic chiasm, but substantial misrouting was evident, few axons entered the optic tract and no labeled axons reached their targets in the thalamus, pretectum, or SC. Some functional recovery was observed with the combinatorial treatment paradigm in Lim et al. (2016), but other plasticity mechanisms or experimental differences may have been at play. In a recent study, increasing activity in adult-injured RGCs leads to extension of a few axons through the optic chiasm. In another recent report, after delivering young RGCs intravitreally into uninjured adult rat retina, a small number of RGC axons were observed to grow past the chiasm and terminate in targets (Venugopalan et al., 2016) . The latter finding holds promise that transplanted RGCs have the capacity to grow through the optic chiasm, especially when not blocked or impaired by an injury site, but both studies confirm that the adult optic chiasm is a difficult zone for many RGC axons to traverse. The field therefore needs to carefully chronicle the guidance systems that exist in the adult visual pathways, especially at the optic chiasm, in the resting state and after injury, to enable midline cells and the molecules they express to facilitate growth and projection through the chiasm.
Better models are needed, especially for visual pathway regeneration. Establishing a readily reproducible and standardized lesion model, particularly one that more closely mimics typical injuries to visual pathways in the adult human, would dramatically facilitate progress in the field. Assessing regeneration should be quantifiable and repeatable; more complete and robust anatomical assays to detect and measure axon growth and functional assays to probe restoration of vision are needed to speed progress.
Why do different RGC types have different regenerative capacities? Can we use what is different about RGC subtypes that have high regenerative capacity to promote regeneration in general?
Given the diversity of RGC subtypes, and in the context of RGC replacement, how can we identify, isolate, and enrich for specific subtypes of RGCs. For instance, can we use human ES cell-or iPSC-derived organoid cultures (Nakano et al., 2012) to determine what subtypes can be generated?
Plasticity in upstream circuits (dLGN and cortex) could be crucial for effective functional recovery.
Promoting plasticity in upstream cells and circuits to counteract the effects of RGC injury is a particularly promising avenue of future investigation. Likewise, some focus on the status of RGC target areas and ways to keep them healthy while degenerative and regenerative processes are occurring, is likely crucial to maximize functional recovery. For example, recent studies demonstrate significant degeneration in the dLGN and visual cortex in human patients with glaucoma and other retinal degenerative conditions (Prins et al., 2016) . Some central atrophy may actually occur early and contribute to the progression of the disease, highlighting the importance of promoting dLGN and visual cortex plasticity to combat peripheral visual loss (Yücel et al., 2003) .
How many neurons must regenerate to obtain useful visual function? Experiments suggest that Ͻ10%, perhaps as little as 5%, of corticospinal tract axons need to regenerate to produce significant functional recovery (Bregman et al., 1995) . Furthermore, preservation of as few as 1%-2% of corticospinal tract axons in lesion models is sufficient to maintain nearly normal function (Li et al., 1997) . This suggests that the number of connections needed to maintain visual function versus restoring function are not the same, and a relatively small number of RGCs may lead to sufficient behavioral recovery of vision. Moreover, substantial patient benefit may be gained by promoting modest RGC regeneration to non-image-forming brain regions, such as the suprachiasmatic nucleus, as loss of retina-driven circadian function is associated with mood disorders, such as depression (LeGates et al., 2012) . RGCs encounter a number of barriers to regeneration following injury or trauma. In the eye, a range of factors, including cell-intrinsic transcription factors and receptors as well as exogenous growth factors, influence RGC survival and the ability of cells to generate axons and grow out of the eye and into the optic nerve. Some classes of RGCs show greater regenerative ability than others. In the optic nerve, supportive glia may not be present in the adult, and inhibitory influences associated with the scar block regeneration (blue axon). At the optic chiasm, growth cones are often misrouted toward the hypothalamus (green axons), or grow back into the opposite optic nerve, or halt completely. In the LGN and SC, if axon guidance factors are sufficient to guide the axons to these targets, synapses may form in the wrong retinotopic area, layer, or target cell. Synapse strength may also be inappropriate to mediate functional connections. In the visual cortex (and to a certain degree in the SC and LGN), regenerated connections may be too few or too weak, and circuit plasticity may not be adequate to compensate to generate useful functional response.
Topography and circuit specificity. Recovery of object discriminative capacity (form vision) likely requires not just target reinnervation, but the formation of quite specific patterns of connectivity, as it is difficult to imagine how a random mosaic of projections from RGCs onto target areas could provide an interpretable image. The same issue applies to the different subpopulations of RGCs connecting to specific targets: is this necessary? Or can we learn about what drives this specificity to enhance regeneration?
Technical advances: ideas for new approaches and opportunities Advances in imaging of live tissue after injury should yield good, quantitative assays to assess degeneration and regeneration of axons and to chronicle morphological and functional recovery. Tissue clearing and new microscopy techniques that circumvent the need for histological sections (and loss of 3D information, such as axon trajectories in the context of the whole organism) are expected to provide information about what is actually taking place, as opposed to artifact-plagued in vitro approaches (Richardson and Lichtman, 2015) .
Imaging regenerating axons and receptor/ligand disposition. Live imaging has revealed the behavior of regenerating axons in C. elegans and the vertebrate spinal cord (Byrne et al., 2011; Lorenzana et al., 2015) ; similar studies should be performed in the visual system. Exciting advances, including the use of pHluorins, will enable visualization of receptor dynamics on the growing axon (Delloye-Bourgeois et al., 2014) .
There are likely many more guidance molecules to be discovered. A glycerophospholipid (lyso-phosphatidyl-␤-D-glucoside) is involved in regulation of modality-specific repulsive guidance of spinal cord sensory axons (Guy et al., 2015) . The heme protein neuroglobin is upregulated after injury to the optic nerve in zebrafish in which axons readily regenerate, but downregulated in mouse RGCs; these findings could point to this factor as a stimulant of regeneration for higher vertebrate RGCs (Sugitani et al., 2016) .
New intracellular signaling pathways and guidance molecules are being discovered through high-throughput screens; these molecules could be blocked or stimulated after injury. For example, inhibitors of protein prenylation, such as statins, can accelerate axon growth in an optic nerve crush model and can also implement axon sprouting at the neuromuscular junction, an inroad into therapies for ALS . In a similar vein, an unbiased RNAi gene-silencing screen has revealed that Inpp5f (Sac2) is a phosphatase suppressor of injury-induced CNS axon growth (Zou et al., 2015) . Rtca (RNA 3Ј-terminal phosphate cyclase) is an inhibitor of axon regeneration and, when blocked, can implement regeneration in Drosophila and in the mouse retinal axon pathway (Song et al., 2015) . And, STAT3 is a transcription factor that translocates to mitochondria in mature CNS neurons upon cytokine stimulation .
Viral/genetic/pharmacological approaches. Viral/genetic/pharmacological approaches are particularly advantageous for vision researchers because it is much easier to deliver viral vectors and reagents to the eye, a confined capsule that is accessible, than to other parts of the CNS. Researchers should explore ways to combine the optogenetic and optopharmacological techniques to stimulate neurons and implement axon growth and synapse formation, as has been done after transplanting ES cell-derived motor neurons to control restoration of function (Bryson et al., 2014) . Optogenetics has also been used to activate guidance receptors (Endo et al., 2016).
Nanoscale tissue scaffolds hold the promise of implementing regeneration along with surgical microsplicing but has not been applied to the visual system (Chang et al., 2010) .
Transplantation/replacement of RGCs into the retina. Stem cells, especially human iPSCs, will be an important and powerful tool for human regeneration. Cellular reprogramming using synthetic mRNA molecules has yielded RGCs, one of the first successes in the field (Sridhar et al., 2016) .
Young RGCs can be injected intravitreally, settle on the retina, and grow axons to the brain (Venugopalan et al., 2016) . It would be interesting to peel back the inner limiting membrane and directly place RGC progenitors on the RGC layer to see how they would behave, or conversely, take adult ganglion cells and introduce them into an embryo to explore environment versus cell differences. An important question is whether to transplant dissociated cells or "pieces" of retina grown in a dish (Nakano et al., 2012) .
Müller glia may provide a source of endogenous stem cells for replacing damaged RGCs. In fish, such transdifferentiation normally occurs in response to injury, involving intrinsic reprogramming that produces proliferating progenitors having the ability to regenerate all major retinal cell types and restore vision . When the transcription factor Ascl1, important for regeneration in fish, is transgenically expressed in young but not adult Müller glia, these glia can give rise to amacrine and bipolar cells and photoreceptors in response to injury (Ueki et al., 2015) . This work points to the proneural transcription factor Ascl1 as one difference in regenerative potential, and indicates that the reduction in reprogramming potential is associated with progressive limitation to the accessibility of progenitor gene cisregulatory regions.
Using in vitro assays to see how retinas from different animals behave and whether they recapitulate in vivo biology would provide an easier way to get cross-species information than in vivo work. For example, developing in vitro coculture preparations of afferent tissue-target tissues would help explore the criteria for retinal afferent target interactions.
Gaps in knowledge of basic features of RGCs and the regeneration landscape
A pressing question at the National Eye Institute Satellite meeting was whether the questions/gaps in our knowledge of how to stimulate RGC regeneration can and should be tackled through nonhypothesis driven research. The participants thought the following areas need to be addressed, both for recovery of function in the visual system and in damaged CNS in general.
Axon growth, guidance, and targeting
What are growth cone behaviors along different loci in pathways, especially in targets, in normal development and regeneration in the adult? Live imaging of RGC axons extending in the normal developing optic chiasm and along the visual pathway reveals that RGC growth cones advance more slowly in the chiasm, and repeatedly extend and retract before traversing the midline and entering targets (Harris et al., 1987; Godement et al., 1994; Sakai and Halloran, 2006) . Live imaging of the chiasm after optic nerve injury would elucidate where the barriers are for regenerating RGC growth cones.
Studies in Drosophila and other model systems indicate that interactions of essentially every surface of a growth cone helps determine what it does. Adhesion and other molecules (Tan et al.,  2015) , some of them newly discovered, implement various steps in targeting and synapse formation, others involving overshoot-ing, retraction, and changes in morphology, before synapses are made (Ö zel et al., 2015) . Understanding growth cone surfaces and the molecules they express is critical to knowing whether they provide opportunities or obstacles for driving regeneration.
Which ECM molecules, guidance receptors and ligands are expressed in the adult, in "resting" states compared with after injury or after manipulation of intracellular signaling?
What adhesion molecules made by mature neurons interface with those on regenerating axons, and how do mature neurons use these molecules?
Fasciculation
Because no growth cone acts alone, understanding the molecular control of fasciculation during growth at each locus is important for researchers to understand how to manipulate fasciculation in the context of regeneration.
Studies are needed on molecules that are important in topographic map formation in mammalian systems. Which of these are used for fiber organization in the optic tract and/or axon guidance at other sites along the pathway, such as the optic chiasm?
In spinal cord injury, there is often incomplete injury and sprouting, or collateral growth, from uninjured axons that may be an important aspect of the anatomical changes that underlie behavioral improvement. Does this have any relevance for optic nerve regeneration and, if so, at which site(s)?
Cell type-specific differences The different subtypes of RGCs that have been characterized to date have different functional properties and transmit visual information to different targets, have different regenerative potential, and respond differently to manipulations meant to encourage regeneration. This is both a problem and an opportunity. RGC subtypespecific differences in regeneration provide the perfect internally controlled system. Cell types that are just microns away from each other and essentially confront the same landscape differ dramatically in their abilities to survive and to regenerate. RGC subtype specificity often has to do with both the specific genes expressed and the cells they are connected to in their targets. It is also important to understand each of the subtypes and how they function to help guide development of relevant functional assays. Taking aspects of subtype specificity into consideration will be important in attempts to reprogram stem cells to regrow.
The majority of ganglion cells in the fovea are midget ganglion cells. Are there ways of humanizing a mouse model to result in something more similar to a parvocellular system? One could imagine making a mouse with midget ganglion cells and also evaluating the capacity of midget or midget-like ganglion cells to regenerate in a dish. Gene profiling or comparative transcriptomics should be done to compare rodent, primate, and, ideally, human ganglion cells.
It would be useful to have baseline knowledge about how many RGCs need to be rescued to restore visual function and which types need to be rescued. Would focusing on RGCs that are more naturally prone to regenerating be sufficient to improve function, or is it necessary to learn how to promote regeneration of types that do not do so readily? Basic studies should be performed to identify the functional role of distinct RGC subtypes to determine how many can be eliminated and still have sufficient visual capacity to meet defined criteria.
Mice are used extensively for cell and molecular studies on regeneration. What behavioral assays should be developed to test recovery of function, for image-processing and non-imageprocessing RGCs, such as the intrinsically photosensitive RGCs (Prusky et al., 2004; Schmidt et al., 2014) ?
It is not well understood what happens within the retina to RGCs whose axons are damaged, or to other retinal neurons when they are lesioned. Do dendritic processes of surviving RGCs after optic nerve injury "fill in" vacated territory? For example, zebrafish horizontal cells prefer to contact ultraviolet cones; after damage to these cones, horizontal cells retract their dendrites and reconnect specifically with ultraviolet and not other cone types (Yoshimatsu et al., 2016) .
Comparison of information gained from model systems with vertebrate visual systems
Use of some of the very simple model systems may help researchers tackle the issue of the minimum number of regenerated neurons needed to restore vision incrementally.
Genetic screening in C. elegans is identifying a large number of new genes that affect axon regeneration, including ones having novel function. Different cell types exhibit different regeneration patterns, at different times (e.g., a particular gene with inhibitory activity during development might promote axon growth during regeneration), and depend on different factors. Many of these genes are homologous with vertebrate genes (see Model systems for comparison with mammalian visual system regeneration).
The classic fish and frog regeneration model system, in which functional vision is restored, has not been adequately studied with modern genetic and imaging tools. For example, creating transparent adult zebrafish model systems (through gene targeting to get rid of pigmentation) would allow researchers to use the newest imaging techniques to watch ganglion cells regenerating, perhaps using transgenic lines to mark specific types of ganglion cells and other cells encountered in the pathway during regeneration.
A simple assay using "shelf screening" of existing zebrafish mutants generated by the Sanger Institute for defects in optic nerve regeneration has identified mutants that do not have developmental phenotypes but clearly have a phenotype in regeneration.
Glia
Not all glia are equal, and there is much heterogeneity even among the "good" glial cells in the peripheral nervous system, where there is much heterogeneity between the different subtypes of Schwann cells.
Visualizing multiple cell types and their interactions during degeneration and regeneration, such as how macrophages and glial cells interact with injured neurons, would be a powerful tool and help develop testable hypotheses.
What drives remyelination, important for nerve conduction and function? Bei et al. (2016) suggest that enhancing axon conduction during regeneration, even in the absence of myelination, can enhance regeneration and functional recovery. Perhaps this can substitute for the absence of myelin during regeneration. Some experimental paradigms for stimulating regeneration have produced remyelination of axons, but others have not; a transcriptional comparison might reveal interesting responsible molecules. Activity in the ganglion cells might be important for recruiting the oligodendrocyte precursors for wrapping, but that has not been tested. In zebrafish, when axons regenerate spontaneously, remyelination occurs mostly when the axons have reached their targets and make synapses. Is there a correlation between remyelination and synapse formation in other models?
Genes, "-omics": exploratory listmaking We need a more complete landscape analysis, including the transcriptome of growing RGCs themselves (and proteomics) of the cells they grow on. The transcriptome of DRG neurons after injury was analyzed and a drug identified that implements regeneration in both DRGs and RGCs (Chandran et al., 2016) . Likewise, genomic approaches to identify genes expressed in the growth cone of regenerating axons compared with growth cones on developing axons (Zivraj et al., 2010; Tan et al., 2015) would be informative, as has been done in comparing RNAs locally translated in axons of developing and adult RGCs (Shigeoka et al., 2016) .
Synaptogenesis and plasticity
Getting the axon to the brain seems the hardest part of reconnecting the visual system, because neurons seem to like to make synapses once they've reached their target, and there is extensive synapse and circuit plasticity once connections are formed.
Perhaps just being able to regenerate any type of RGC, such as ␣RGCs, would be sufficient to produce visual function (e.g., not bumping into walls) because there is extensive plasticity at the synaptic level in the CNS. Studies of the visual cortex show inhibitory regulation of synaptogenesis and plasticity in the adult visual cortex, and those brakes can be removed. How plastic are different types of ganglion cells? Would it be possible to use their capacity to regenerate, but modify the type of vision they communicate to the different targets? If activity and visual experience play a role in these types of events, might researchers be able to use those elements to help expand the possibilities of visual recovery?
Studies are needed to investigate how much plasticity there is in thalamic or tectal targets. In addition to CNS plasticity, there may also be vision-dependent plasticity in the retina. Can compensatory mechanisms in the retina contribute to recovery? Exploring how the receptive field properties of the postsynaptic neurons change or recover might provide a middle ground between regeneration and behavior. Optical techniques or multielectrode array recordings can give information about how receptive field properties change when specific cell types are removed, whether receptive field properties recover with regeneration, and which types of receptive fields are restored.
Are there features in the target that might promote regeneration through retrograde factors? If mice develop without a cortex or without cortical layer 6 axonal projections, retinal axons fail to target the dLGN but still target the suprachiasmatic nucleus, olivary pretectal nucleus, and SC. These results imply a feedback mechanism specifically for the axons that are projecting to the cortex. These results provide support for a new mechanism of target selection, whereby descending cortical axons provide an activity that promotes feedforward targeting of RGC axons to the thalamus (Shanks et al., 2016) . On the other hand, RGCs have partial influence on the development of geniculo-cortical neurons: in the absence of retinal input, relay cells undergo the usual exuberant dendritic growth and branching, but branches are then eliminated and dendritic field size is attenuated, even though basic membrane properties and firing characteristics appear to be maintained (El-Danaf et al., 2015) .
Relationship between synaptic proteins and regeneration
Are the processes of elongation and synapse formation at odds with one another (Tedeschi et al., 2016) ? SkpA, a core component of SCF E3 ubiquitin ligases, and the E3 ligase Highwire limit MAPK signaling, and are important for synaptic development and axon maintenance in degeneration and regeneration .
Relationship between degeneration and regeneration
What is the role of inflammation in regeneration? Augmenting the inflammatory reaction in the eye after optic nerve injury is very proregenerative, but studies in the spinal cord suggest that inducing inflammation is a double-edged sword (X Jin and Yamashita, 2016) . New work points to upregulation of mesencephalic astrocyte-derived neurotrophic factor in innate immune cells after retinal injury; this factor promotes neuroprotection and tissue repair and improves photoreceptor-replacement therapies (Neves et al., 2016) , illustrating the need to understand cross talk between CNS glia and the immune system.
Protection of RGCs is a precondition for regeneration because, in the absence of treatment, RGCs begin to undergo apoptosis 4 -5 d after optic nerve injury. However, some molecular manipulations increase RGC survival but do not support regeneration (Watkins et al., 2013) , so we should not assume that a given neuroprotective treatment will promote regeneration and restoration of function Vigneswara et al., 2015; Peng et al., 2016) .
Translational and clinical perspectives: issues and ideas
Interdisciplinary engagement between basic and clinical scientists
To speed progress, it seems prudent to bring basic and clinical vision scientists together to identify diseases and patient populations that are the easiest target for regenerative therapies. At the same time, scientists from diverse backgrounds (e.g., bioengineers, industry researchers, drug designers, anatomists, electrophysiologists, clinical ophthalmologists, etc.), need to collaborate rather than work in isolation, to speed translational research and development of candidate therapies that could be quickly tested in clinical trials. This would likely require innovative models to support these interdisciplinary studies.
If the field selects a priority clinical disorder or disease model, as has been done when addressing photoreceptor regeneration, the focused effort may speed development of clinically relevant therapies. Acute optic nerve injury is not very common clinically, so it may be prudent to think about how findings on the basics of regeneration might be applicable to slowing degenerative diseases, such as glaucoma or Leber's hereditary optic neuropathy. Optic nerve crush might have some relation to traumatic brain injury, but optic neuritis, a frequent manifestation of multiple sclerosis, affects a much wider population. Using optic neuritis (Aktas et al., 2016) , stroke , or some other more common (and treatable) model for regeneration studies could be especially useful.
Researchers have identified mitochondrial alterations in spinal cord lesions just after the axon is transected (Jia et al., 2016) . If one could identify similar states in the optic nerve and gear therapies toward those, it might be possible to save the axon at an early stage of insult.
Ask patients what they consider meaningful improvements in visual function. Some measurable improvements might not seem meaningful to scientists, but could be welcomed by patients and vice versa. Image motion resulting from eye movements is likely important to vision. To what extent should we consider not just sensory, but also sensorimotor recovery? Researchers should think in terms of restoring human vision incrementally rather than aiming for perfect vision, and in that process of restoration, gain more understanding of how the human visual system works.
Brain/machine interface experiments have shown that relatively small numbers of neurons (a hundred or hundreds) are adequate to move cursors and robotic arms. Complementing at least partial regeneration with establishment of methods, such as microchips or implants, might provide a way to enhance functional recovery (Yan et al., 2016) . Researchers using brainmachine interfaces to probe the plasticity of the motor cortex suggests that it is important to get targeting close and specific; the system is not infinitely plastic. Monkeys using a brain-machine interface to learn to control movement of a cursor can quickly adapt cortical activity to new mapping if a perturbation of mapping between the neural activity and motion of the cursor is small. But if the mapping is too perturbed, the monkey cannot adapt. Similar limitations probably apply to restoration of function in the visual system.
Many of the effective treatments to date in model systems are performed (or at least started) before the injury and prime RGCs to survive and regenerate their axons. For treatments to be meaningful at the clinical level, they need to be applied after the injury has occurred. Researchers should begin thinking about introduction of small molecules or use of noninvasive methods, such as visual therapy.
Amblyopia is a good system for studying plasticity and recovery from vision loss in humans. Researchers should take advantage of human genetics and genome-wide association studies (many are in progress) to gather information about genes implicated in amblyopia, and use this information to inform studies using model organisms (Vagge and Nelson, 2016) .
Culturing and screening iPSC-derived human RGCs has the advantage of getting information from human cells, which would seem to be more directly relevant to developing regenerative therapies. These in vitro approaches may also cost much less than screening in mammals. However, studying cells in vitro, outside their normal environment, may not provide essential information about the spatial and temporal roles of different proteins that RGCs encounter at different times during regeneration. Moreover, ES cells may not possess the same directives for differentiation compared with immature RGCs or their precursors harvested in vivo (J. Goldberg, personal communication).
Geron conducted a safety study in 5 patients with spinal cord injury using human ES cell-derived oligodendrocyte progenitors. Another company (Asterias) obtained the intellectual property plans to launch a Phase 1/2a open-label, single-arm study testing escalating doses. Even with these developments, the field of regeneration lacks a positive control for testing agents that promote regeneration (such as fasodil, a commercially available Rho kinase inhibitor). A parallel approach in the field of cell and tissue engineering might accelerate progress if the work makes it possible to generate cells and transplant the axon itself.
Researchers should patent discoveries to help ensure interest of an industry partner. Some scientists do not recognize that having a patent on a discovery is often essential for commercialization. Barriers to patenting discoveries should be lowered, or alternative methods to bring discoveries to the clinic should be identified.
Panelist predictions
Panelists were asked to estimate a timeline for how long it will take to get functional recovery in humans. The comments included the following:
• Regeneration for photoreceptor degeneration diseases is more likely than reconnecting a transected optic nerve because it only requires connecting bipolar cells to photoreceptors that are saved or rescued through gene therapy or regenerated through stem cells.
• Recovery of simple visual function, such as detecting light, is feasible in a few years. Recovery of "real" function, such as form vision, is far away.
• Insights from regeneration research will help in finding ways to treat slowly progressive diseases. Restoring function in patients who lose RGC connections from a transection of the optic nerve may not be a realistic goal.
• Frank regeneration is likely "a bridge too far." More feasible within a relatively short time scale, such as 10 -15 years, are finding ways to stop further death of ganglion cells and promote plasticity in the target to restore function, via manipulating activity and/or genetic manipulation.
• Substantial regeneration of most ganglion cell types could be achieved in the mouse within 5 years; in human patients, in 10 -15 years, through a combination of biology (stimulating axons to grow a short distance) and an engineered device that supplies factors to encourage growth through the optic chiasm to the dLGN.
• Restoring vision in humans is a different issue than regeneration and is unlikely to happen on a clinical level in the next two to three decades. It is more likely that there will be bigger advances initially with treating partial injuries, such as optic neuritis or glaucoma, to prevent degeneration and then enhance regeneration.
• Recent advances in spinal cord injury, applying epidural electrical stimulation and rehabilitation/training, have demonstrated that completely paralyzed patients can regain some function (Lu et al., 2016) . This suggests that achieving clinical recovery in vision is likely through stimulation of some sort.
• Some panelists expressed skepticism about moving into the clinic within a short time frame, but said researchers and clinicians will gain a deeper knowledge about what is needed to implement regeneration by communicating with each other, starting in the present.
Summary
Despite the gaps in our knowledge and barriers to progress in promoting the restoration of visual system function following disease or trauma, new technical advances and a merger of basic science with clinical and translational efforts have the promise of succeeding in reconnecting RGCs to the brain. The usefulness of gathering together a diverse group of experts studying a range of model systems to think about the big issues in reconnecting neurons in the visual system rather than simply "working on our little islands" was substantial. It may not be possible to reconnect the visual system in a meaningful way in the very near future, but thinking collaboratively about the state of the field and identifying significant barriers to progress, which we have summarized here, will accelerate fundamental advances in both basic and clinical arenas that would not otherwise occur. Hopefully, this will hasten the day when viable treatments for restoring visual function can be provided to patients suffering from vision loss.
